Ethylene is gaseous plant hormone that controls a variety of physiologic activities. The biosynthesis of ethylene in higher plants via the methionine cycle has been extensively studied.[@cit0001] The enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) synthase is the key regulatory enzyme to convert S-adenosyl-[L]{.smallcaps}-methionine (AdoMet) to ACC in the methionine cycle.[@cit0002] In tomato plants, ACC synthase is encoded by a multigene family whose members are differentially regulated by different developmental, hormonal, and environmental factors.[@cit0003] ACC is then oxidized to ethylene by ACC oxidase. Ethylene signaling pathway components were first elucidated in the model plant *Arabidopsis thaliana* using a molecular genetics approach based on screening for ethylene-insensitive mutants that showed phenotypic changes from the normal "triple response".[@cit0004]^,^[@cit0005] The *ETR1* gene was then identified and shown to be an ethylene receptor gene through an ethylene binding assay.[@cit0006]^,^[@cit0007] Later, 4 more ethylene receptor genes in *A. thaliana* were isolated, namely *ETR2*,[@cit0008] *ERS1*,[@cit0009] *EIN4*, and *ERS2*.[@cit0010] In tomato, a notable finding was the identification of a mutant that lacked fruit ripening called "Never ripe" or "*nr*," referring to a mutation of the tomato ethylene receptor gene *NR*. Eventually, 6 ethylene receptor genes, *LeETR1*, *LeETR2*, *NR*,[@cit0011] *LeETR4*,[@cit0012] *LeETR5,* and *LeETR6*^[@cit0013]^ were found in tomato. Other components of the ethylene signaling pathway, including CTR1, containing serine/threonine protein kinase activity, act downstream of ethylene receptors.[@cit0014] EIN2 acts downstream of CTR1 and upstream of EIN3, and overexpression of EIN2 result in activation of part of the ethylene response.[@cit0015] EIN3 is a nuclear protein and key transcription factor that mediates ethylene-regulated gene expression and morphological responses. The EIN3 protein level is related to signaling components and an ubiquitin/proteasome pathway mediated by EBF1 and EBF2.[@cit0016]^,^[@cit0017] EIN3 consequently induces transcription of ERF1 and other ethylene-responsive genes.[@cit0018] Many studies and discoveries on ethylene signaling based on these findings have been reported and reviewed by many authors.[@cit0019]^,^[@cit0020]

Most of the above findings are based on dicotyledonous species (dicots); studies on ethylene signaling in monocotyledonous plants (monocots) are relatively limited. Monocots, including rice, wheat, barley, maize, sorghum and other cereals are major human food sources. Understanding the ethylene signaling pathway and its related physiology may help to improve the quality and quantity of crops. However, variations in physiology and morphology between monocots and dicots limit the direct application of knowledge derived from dicots. The synthesis of ethylene in monocots is via the same ACC pathway as in dicots during different developmental stages.[@cit0021] Recently, conserved ethylene signaling components were isolated and characterized based on screening of etiolated seedling "double response" mutants in rice.[@cit0022] These studies showed divergent and conserved aspects of ethylene signaling in rice and some of their findings should have great potential for yield improvement in cereal crops. Previously, in this laboratory, we identified 5 ethylene receptor homologs in rice (*Oryza sativa* L. ssp. *indica*): *OsERS1*, *OsERS2*, *OsETR2*, *OsETR3* and *OsETR4*. Within this gene family, there are differences in gene and protein structure as well as in expression profiles. *OsERS1* shows strong and constitutive expression in different stages and treatments, whereas *OsERS2*, *OsETR3* and *OsETR4* only have very low expression levels. Expression of *OsETR2* is highly inducible by application of exogenous auxin, ethylene and submergence.[@cit0026] The differential expression of these ethylene receptor genes suggests that individual genes might have specific roles in physiology, as has been demonstrated in *Arabidopsis*[@cit0010] and tomato.[@cit0027]

The subcellular localization of ethylene receptors has been studied in some plant species. Using a biochemical approach, ethylene receptor ETR1 in *Arabidopsis* was found to be located in the endoplasmic reticulum (ER).[@cit0028] This finding was supported by the identification of the same localization of its downstream component, CTR1.[@cit0029] These results suggested that the ethylene signal is initially perceived and transmitted in the endoplasmic reticulum. However, in tobacco, the ethylene receptor NT-HK1 equipped with kinase activity was shown to be located in the plasma membrane,[@cit0030] which revealed the possibility of non-ER localization of ethylene receptors. Ma et al. found that melon CmERS1 was localized in the ER.[@cit0031] Based on the similarity of the transmembrane domain sequences in all the ethylene receptors discovered, they proposed a common membrane topology of ethylene receptors and predicted that all ethylene receptors would localize in the ER. This prediction was substantiated by a study on *Arabidopsis* ethylene receptors,[@cit0032] in which all 5 of its receptors were shown to be localized to the ER. The ER localization of ethylene receptors and their immediate downstream component CTR1 thereby forms a receptor complex responsible for early ethylene signaling in *Arabidopsis*.[@cit0019] However, until now, there has been no report to show the subcellular localization of different members of an ethylene receptor multigene family in the same species. In this study, rice *OsERS1* and *OsETR2* were chosen as the candidates for subcellular localization identification. The expression profiles of the 2 genes are more active than those of other family members and they show significant variations in protein structure. Two different localization patterns have been observed after transient expression of ethylene receptor--GFP fusion proteins in onion cells, suggesting that they have different subcellular localizations and by implication separate roles in ethylene signal transduction. A recent report also suggested that *Arabidopsis* ETR1 and ETR2 have contrasting roles in seed germination during salt stress despite the fact that they co-localize to the ER.[@cit0033]

In this study, 2 members (*OsERS1* and *OsETR2*) of the rice ethylene receptor multigene family were selected for a subcellular localization study. These 2 genes are regarded as the most significant members of the gene family based on their expression levels and profiles.[@cit0026] In addition phenotypic changes have been demonstrated in their mutants, overexpression and RNAi lines.[@cit0023]^,^[@cit0024]^,^[@cit0034] *OsERS1* and *OsETR2* also possess structural characteristics representative of subfamily I and subfamily II ethylene receptors, respectively. Partial sequences of the N-terminus (for OsERS1, 120 amino acids; for OsETR2, 160 amino acids) were linked with the fluorescence protein GFP sequence to form 2 fusion protein constructs. Full-length receptor--GFP constructs were not demonstrated in this study because the fluorescence signals were too weak and because aggregation occurred. It has been suggested that the N-terminus is the key region for proper protein localization for ethylene receptors.[@cit0031]^,^[@cit0032] The transmembrane domain prediction program TMHMM server version 2.0 (<http://www.cbs.dtu.dk/services/TMHMM-2.0>), predicted that the 3 transmembrane domains are located at the first 120 and 160 amino acids N-terminus of OsERS1 and OsETR2, respectively. Similar studies in tobacco and melon have suggested that the N-terminal transmembrane domain is critical for the localization of ethylene receptors,[@cit0030]^,^[@cit0031] and differential results were obtained; tobacco NTHK1 was found to be localized to the plasma membrane, and melon CmERS1 was found to be localized to the endoplasmic reticulum.

The 3 constructs (GFP, ERS1~(N-120)~--GFP and ETR2~(N-160)~--GFP) ([Fig. 1a](#f0001){ref-type="fig"}) were transiently expressed in onion cells successfully with sufficient fluorescence intensity for observation and the patterns from the 3 constructs were highly distinctive. The control (GFP) construct showed a typical pattern in which GFP signals were localized in most of the cell, including the cytoplasm and nucleus ([Fig. 1b](#f0001){ref-type="fig"}). By fusing the peptides from the N-terminus of OsERS1 and OsETR2 upstream of GFP, the fusion proteins were localized at restricted areas only. Most of the ERS1~(N-120)~--GFP fusion proteins were found surrounding the cells ([Fig. 1c](#f0001){ref-type="fig"}). This area is speculated to be the plasma membrane that matches the localization of protoplast-expressed tobacco NTHK1.[@cit0030] The transformed cells were then treated with hypertonic solution (0.5 M CaCl~2~) to plasmolyze the cells. Under this condition, the fluorescence signals were separated along with the plasma membrane, suggesting that OsERS1 could be located in the plasma membrane but not in the cell wall ([Fig. 1d](#f0001){ref-type="fig"}). A large proportion of the ETR2~(N-160)~--GFP protein was located in the cytoplasm and exhibited a fluorescence pattern in a network extending from the nucleus ([Fig. 1e](#f0001){ref-type="fig"}). This network structure could have been the endoplasmic reticulum or simply the cytoskeleton. Therefore, rhodamine B hexylester, an endoplasmic reticulum staining dye, was applied to identify the actual location of the fusion protein. A large degree of overlap (yellow) between the dye signal (red) and the green fluorescence signal of ETR2~(N-160)~--GFP was observed, suggesting that OsETR2 could be located in the endoplasmic reticulum ([Fig. 1f](#f0001){ref-type="fig"}). In contrast, minimum overlap with ERS1~(N-120)~--GFP was observed ([Fig. 1F](#f0001){ref-type="fig"}) which further showed that the N-terminal part of OsERS1 and OsETR2 localized the C-terminal GFP to different subcellular locations. Figure 1.Subcellular localization of OsERS1 and OsETR2. (a) Schematic representation of the gene constructs for transient expression in onion cells. Expression is driven by the CaMV 35S promoter in the GFP control, at the 5′-end of *OsERS1* cDNA (360 bp from start codon) and *OsETR2* cDNA (480 bp from start codon) to fuse with *GFP* cDNA at the 3′ end, including the stop codon. (b) Expression of pGFP (control) in onion cells. (c) Expression of pERS1~(N-120)~--GFP in onion cells. (d) Expression of pERS1~(N-120)~--GFP in onion cells in hypertonic solution (0.5 M CaCl~2~). (e) Expression of pETR2~(N-160)~--GFP in onion cells. (f) Expression of pETR2~(N-160)~--GFP and pERS1~(N-120)~--GFP in onion cells with rhodamine B hexylester staining. (R) Filtered image specific for rhodamine B hexylester observation, (G) filtered image for GFP observation and (R+G) image with 2 filtered outputs, (R) and (G). White bars at the lower-right hand corners of each image represent the actual length as indicated.

This study adds one exception (OsERS1 and NTHK1 both localized to the plasma membrane) to other reported ethylene receptors localized to the endoplasmic reticulum and is the first report to show the differential localization of ethylene receptors in the same species. This finding reveals that ethylene perception in plants may take place in different locations within the cells and that the downstream components may also be variable, leading to different physiologic responses. These findings do not present a major contradiction to the present model of the ethylene signaling pathway if the C-terminal of these rice ethylene receptors is exposed to the cytosol and can still interact with their downstream components (CTR1), although the existence of a CTR1-independent ethylene signaling pathway cannot be excluded.[@cit0035]

Previous reports have suggested that submergence-related physiology is mainly initiated by ethylene, as extensively reviewed by Jackson.[@cit0036] Plant responses to flooding stress are known to occur via the regulation of group VII ethylene response factors (ERFVIIs).[@cit0037] It has been demonstrated that submergence induces the internal ethylene precursor ACC through the induction of ACC synthase genes.[@cit0038] In rice, submergence induces the expression of the ACC synthase OsACS5^[@cit0039]^ and in *Rumex palustris* the ethylene receptor homolog *RP-ERS1* is also highly inducible by submergence.[@cit0040]

Among the 5 identified ethylene receptor homologs in rice, we found that *OsETR2* is highly inducible by submergence, exogenous auxin and ethylene.[@cit0026] Although it has been suggested that submergence could alter the *OsERS1* transcription level,[@cit0041] this effect is far less significant than in *OsETR2*. It has also been reported that for *OsERL1* isolated from deep-water rice (identical to *OsETR2*), mRNA can be induced by submergence, ethylene and gibberellin treatments.[@cit0042] When growth responses in submergence-tolerant and deep-water rice species were investigated, 2 groups of ERF proteins, encoded by *SUBMERGENCE* and *SNORKEL* loci, respectively, were found to be regulators of the submergence responses that help these rice cultivars either withstand prolonged submergence or escape from submergence, mainly by modulations of gibberellic acid synthesis and signaling.[@cit0043] Most submergence-intolerant rice cultivars are still able to thrive in semi-aquatic environments, but the mechanisms to deal with flooding and temporary submergence conditions have not been fully elucidated.

We further examined the induction effect of submergence upon *OsETR2* expression. The discovery of this specific property was accidental: when we were switching the auxin treatment method from liquid incubation to air-spray, we noticed that the transcription level in the water-incubated control was much higher than in the control in air.[@cit0026] The expression levels of *OsETR2* in different conditions are shown by Northern blot analysis in [Fig. 2(a)](#f0002){ref-type="fig"}. In the controls (etiolated and light-grown seedlings) the expression was generally low. The mRNA transcripts of *OsETR2* were highly induced by complete submergence in water for both light-grown and etiolated seedlings, although the level of induction in the light-grown seedlings was generally higher than in the etiolated seedlings. *OsETR2* expression was also highly inducible by application of exogenous ethylene (5 ppm). The induction could be blocked by pretreatment of the ethylene antagonist 1-MCP (5 ppm), suggesting the induction was dependent on the ethylene perception. Similarly, *OsETR2* transcripts were massively induced upon submergence but the induction could be completely inhibited in the light-grown seedlings that were pretreated with 1-MCP before submergence ([Fig. 2(b)](#f0002){ref-type="fig"}). Figure 2.Expression of the *OsETR2* gene in rice seedlings upon submergence, exogenous ethylene and 1-MCP treatments. Light-grown or dark-grown rice seedlings were completely submerged in water for 4 hours (Submergence), treated with exogenous ethylene (5 ppm) for 6 hours (Ethylene) or/and pre-treated with 1-MCP for overnight (5 ppm)(1-MCP). The equivalent loading of RNA is shown by the ethidium bromide stained rRNA. The expression of *OsETR2* was detected by Northern blot using a specific ^32^P-labeled DNA probe.

The mRNA of receptor gene member *OsERL1* (*OsETR2*, this study) isolated from deep-water rice by Watanabe et al.,[@cit0042] was found to be induced by ethylene, gibberellic acid, and submergence. Clearly, *OsETR2* mRNA induced by submergence is not specific to deep-water rice but is common to all rice cultivars. Vriezen et al.[@cit0040] first reported that the ethylene receptor homolog *RP-ERS1* was highly inducible in *Rumex* species by flooding, a high concentration of ethylene and carbon dioxide, and a low concentration of oxygen. This is very similar to *OsETR2* in rice. Reports have shown that under submergence, plants will synthesize more ACC through the induction of ACC synthase; examples include *LeACS7* in tomato[@cit0038] and *OsACS5* in rice.[@cit0039] This raises the possibility that upon submergence, ethylene produced via the ACC pathway or trapped ethylene would increase to trigger the corresponding ethylene receptor gene expression. Here, we used the potent ethylene receptor antagonist 1-MCP to confirm that submergence-related *OsETR2* induction is strictly ethylene-signaling--dependent. 1-MCP pretreatment at 5 ppm level is known to effectively block ethylene action and stabilize the receptor\'s repressive activity,[@cit0009] and the effect can last for a few days in tissues that produce ethylene at high rates.[@cit0046]

Theoretically, if the induction of *OsETR2* is through ethylene, blockage of ethylene perception by 1-MCP will stop the subsequent pathway and eventually inhibit the effect of submergence-related *OsETR2* expression. The Northern blot shows that induction by submergence was completely inhibited in the samples that were pretreated with 1-MCP ([Fig. 2(b)](#f0002){ref-type="fig"}, lane 4). However, we do not know why 1-MCP pretreated seedlings and 1-MCP pretreated green seedlings with subsequent ethylene treatment could still maintain a basal level of *OsETR2* transcription. It is possible that when seedlings are submerged, the *OsETR2* transcript turnover rate will be increased as new receptors are being made and transcripts are consumed. Our preliminary data showed that 1-MCP treated or submerged samples can significantly increase average ACC content (data not shown). This suggests that ACC/ethylene biosynthesis under submergence is not totally ethylene-signaling--dependent (or autocatalytic). *OsACS5* induced upon submergence is also an ERF-dependent ACC synthase gene whose expression can be blocked by 1-MCP. Nonetheless, some other non--ethylene-signaling--dependent ACC synthase(s) such as OsACS1 can still function to produce ACC.[@cit0047] We can also predict that ethylene receptors under the influence of 1-MCP exhibit a positive effect on ethylene biosynthesis. Thus, when the autocatalytic ethylene was blocked by 1-MCP, the ACC content increased instead of decreased. A recent report also showed that at a certain stage of maturation, 1-MCP will increase instead of decrease ethylene biosynthesis in apples and lead to fruit ripening.[@cit0048] We believe that OsETR2 is one of the important components involved in the regulation of rice submergence responses by dynamically altering its cellular level, whereas OsERS1 should have differential roles in these responses.

Based on our present understanding, we propose a scheme of signaling related to OsERS1 and OsETRS2 when rice plants are submerged ([Fig. 3](#f0003){ref-type="fig"}). OsERS1 belongs to the subfamily I receptors and is constitutively expressed in most rice tissues in all stages of development. Its knockout mutant shows short roots in dark-grown seedlings and hypersensitivity to ethylene, and it is logical to assign root inhibition and shoot promotion responses to OsERS1 during submergence. OsETR2 belongs to subfamily II receptors, which express relatively low levels in normal conditions but increase dramatically when submerged. Its knockout mutants do not show phenotypic changes in the vegetative stage and its overexpression and RNAi lines show hyposensitivity and hypersensitivity to ethylene, respectively.[@cit0023]^,^[@cit0024]^,^[@cit0034] We therefore assign a negative role to OsETR2 during submergence. The negative effect of OsETR2 is likely to act on an upstream component in the signaling pathway associated with OsERS1^[@cit0022],[@cit0025]^ as indicated. Attenuation of the signal initiated by sudden and temporary increase in ethylene trapped inside rice plant tissues when they are submerged is related to the species\' adaptation to a semiaquatic environment, because overreaction to ethylene would lead to chlorosis, senescence, and cell death.[@cit0047] The alternative view is that the induction of OsETR2 to desensitize its own signaling pathway when submerged is unlikely and inefficient because OsETR2 does not seem to directly control root and shoot growth. Unlike in other monocot seedlings, exogenous ethylene promotes instead of inhibits coleoptile elongation in etiolated rice seedlings. This specific "double response" in wild-type rice is thought to be related to its adaptation to paddy field submergence conditions during early stages of development. This escape mechanism is lost when etiolated rice seedlings develop into green stages. In most wild-type rice cultivars, which are not equipped with the submergence tolerance regulator *SUBA1* or *SNORKEL1* and *SNORKEL2* in their genotypes,[@cit0044]^,^[@cit0045]^,^[@cit0049] the rapid increase in *OsETR2* expression may become a more important protective and adaptive measure when they encounter flooding and submergence. This is consistent with our observation that more OsETR2 mRNA was induced in light-grown seedlings than in dark-grown seedlings when submerged ([Fig. 2a](#f0002){ref-type="fig"}). It has been reported that overexpression of OsETR2 in rice could lead to accumulation of starch in stem internodes,[@cit0034] which may also help rice to survive after submergence. However, how OsETR2 interacts with the downstream components and the actual regulatory mechanism during submergence remain to be investigated. Figure 3.Differential roles of OsERS1 and OsETR2 ethylene receptors when submerged. Submergence increases ethylene biosynthesis and triggers submergence responses such as inhibition of root growth and promotion of shoot elongation. These responses are speculated to occur via the signaling pathway associated with OsERS1 at the plasma-membrane (PM); whereas the rapid increase in OsETR2 expression at the endoplasmic reticulum (ER) is thought to act negatively in the early signaling pathway associated with OsERS1.
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